Abstract. The definition and concept of primary method are explained, taking examples from the fields of thermometry and measurements of amount of substance. It is shown that although few methods can be considered strictly primary, small departures from the strict definition can be quantified and useful practical primary methods are thus available. The links between primary methods of measurement, primary standards of measurement and primary reference materials are discussed.
Introduction
In the field of thermometry, the concepts of primary and secondary thermometry are well established [1, 2] and have proved useful in distinguishing the accepted methods for measuring temperature and describing the hierarchical relations between them. More recently, the Comité Consultatif pour la Quantité de Matière (CCQM) adopted a general definition of a primary method, similar to that used in thermometry, and identified a number of primary methods for measuring amount of substance [3] . A primary method, as defined by the CCQM and used here, is a more precise definition of what in the past was sometimes called an absolute method or, in analytical chemistry, a definitive method [4] .
The purpose of this short note is to explain the concept of primary method of measurement and show how it is linked to the International Vocabulary of Basic and General Terms in Metrology (VIM) definition of a primary standard [5] . In general, although there are exceptions, a primary standard is one whose value is determined by a primary method.
A clear distinction must be made between primary standards and national standards. The latter are standards designated as such for legal and other purposes and they may or may not be primary standards. National standards are not considered in this note.
Definitions
The definition of a primary method of measurement adopted by the CCQM is the following [3, 
p. Q 29] :
A primary method of measurement is a method having the highest metrological qualities, whose 
Primary methods in thermometry and chemistry
The definition of primary method is examined first, taking primary thermometry and chemistry as examples. By beginning with primary thermometry, a concept well established, the meaning of the definition can be made clear before entering into the field of chemistry where its application is more complicated.
Primary thermometry
A primary method of thermometry is one whose operation can be described completely without calling on other standards or measurements of temperature. For a thermometer this means that the equation of state of the thermometric fluid can be written in a way such that it does not include temperature-dependent constants, or functions that require access to an independent temperature standard for their determination. For a constant-volume gas thermometer the equation of state of the thermometric fluid, i.e. the gas, may be written as follows :
( 1) where is the pressure, is the volume, is the amount of substance of gas in the volume and and are the temperature-dependent second and third virial coefficients of the gas.
From the definition of primary method, it appears that the gas thermometer is not strictly primary since the virial coefficients are temperature dependent. However, it is possible to use the gas thermometer without a knowledge of the virial coefficients if measurements are carried out over a range of pressures and the isotherm thereby obtained extrapolated to zero pressure. If the effects of the virial coefficients are small, it is possible to use values obtained from another thermodynamic experiment. In this case the uncertainty in the final result due to uncertainties in the temperature scale of the subsidiary experiment giving the virial coefficients may be negligible. Strictly, such thermometry should be considered semi-primary. It may also be possible to determine the virial coefficients using the gas thermometer itself if measurements are made in a temperature region where the temperature dependence is weak. Finally, it may be possible to use virial coefficients that are calculated from theoretical knowledge of the inter-molecular potential of the gas in question. Gas thermometry is, therefore, considered as one of the principal methods of primary thermometry.
For a method to be considered primary it must also have the highest, or potentially the highest, metrological qualities. This implies that the measured quantity is susceptible to precise measurement and the systematic errors which result from ignorance of the overall behaviour of the system are small. Systematic errors in gas thermometry, for example, result mainly from ignorance of the sorption of the gas at the walls of the gas bulb. Such errors are difficult to avoid and, more important, they require a great deal of effort to quantify. In total radiation thermometry, another method of primary thermometry, the measured parameter is total radiant power, a quantity that appears much less easy to measure. Here, the systematic errors are caused by the temperature dependence of the emissivity of the black bodies used and diffraction. In contrast to gas sorption effects, however, these effects are readily quantified. As a result, over a wide temperature range, the two methods have been used successfully with about the same uncertainty. The determining factor in the final uncertainty budget in each method is the magnitude of the characteristic systematic error and not the ease with which the thermometric parameter can be measured. Neither method is strictly primary, but the deviations are small and, although difficult to avoid, can be reduced to quantifiable proportions. This is in fact what is meant by "highest metrological properties", an otherwise somewhat imprecise term.
This short discussion on gas thermometry is intended to show that it is not always straightforward to operate a primary method of measurement in a strictly primary way. In thermometry there is often no clear dividing line between a primary method and one that at least could be called semi-primary.
Among the many secondary methods of temperature measurement is platinum resistance thermometry. We do not know the explicit relation between the electrical resistance of a piece of platinum and temperature. All that we can write down is an empirical relation that includes a number of temperaturedependent constants whose values must be determined by calibration at an appropriate number of fixed points of temperature. The form of the empirical relation must be checked by comparing it with measurements made using a primary thermometer.
Thermometric methods are now considered to be precise and accurate. They have reached this condition by extended debate and experimental refinement. As measurements of amount of substance are at an earlier stage in this evolutionary process, it is instructive to keep thermometry in mind as an example of what is expected in measurements of amount of substance.
Primary methods in chemistry
The application of the definition of a primary method to measurements of amount of substance is complicated. The CCQM laid down two conditions for a method to be considered primary. First, it must be a method which is specific for a defined substance and second, the values of all parameters, or corrections which depend on other species or the matrix, must be known or calculable with appropriate uncertainty. By analogy with primary thermometry, we can say that these methods must not have chemically-dependent constants or functions that require access to an independent chemical standard in their equation of state. The methods that the CCQM identified as having the potential to be primary are: 
where λ denotes absolute activity, A the solvent substance, * "pure", and the mole fraction of solute substances B, C, .
A straightforward example of amount-of-substance measurement is coulometry. For a univalent substance the equation describing the measurement is (3) where is the electric current, is the time, is the Faraday constant and is the amount of substance. In this, as in all equations describing a primary measurement of whatever nature, by expressing all the measured quantities in SI units and taking the values of any constants in SI units, the result is always given in the correct SI unit. In this case, by expressing in SI amperes, in SI seconds and in its SI unit of coulombs per mole, is automatically given in moles.
In the same way, we find in (1) , that by expressing in pascals, in cubic metres and in its SI unit of joules per kelvin mole, is automatically given in kelvins.
Similarly for isotope dilution with mass spectrometry, we can write the measurement equation for a bi-nuclidic element determination in the following way: (4) where represent isotope amount-of-substance ratios in the unknown sample X, the known addition Y and the blend B respectively of X and Y. The amount of substance Y, (Y), is given by (Y)/ (Y), where is the mass of Y and is the molar mass of Y. Provided that (Y) is expressed in the SI unit of mass, the kilogram, and (Y) is expressed in kilograms per mole, the quantity (X) is naturally, and correctly, given in SI units of amount of substance, the mole. For the measurement of amount of substance (X) of element X to be considered primary it is clear that (Y) must be determined by a primary method, for example by gravimetry.
Primary methods in general
For each base quantity of the SI, one primary method of measurement is often favoured for realization of the base unit, remembering that the unit is simply a convenient example of the quantity in question. But more than one primary method may be available: the unit of length, for example, can be realized by any one of the methods specified by the Comité International des Poids et Mesures in the mise en pratique of the definition of the metre. All are primary measurements of length.
The kilogram is unique in that a material artefact defines the standard. Primary measurements of mass could, therefore, be considered to be restricted to those measurements made directly in terms of the international prototype, all other measurements being considered secondary. This is a very restrictive interpretation and would not be in accord with the chains of primary measurements described below. Primary mass measurements, however, can be understood as equivalent to the use of a device such as a beam balance to compare the mass of one artefact with that of another. The operation of a beam balance can be completely described in basic terms. It is necessary to know the mass of a small calibration mass, but this, in general, can be found by using the balance to calibrate that mass in terms of the reference mass. This is similar to the use of a gas thermometer to establish the values of the virial coefficients of a working gas.
Electrical measurements, in particular measurements of current, potential difference, power and capacitance, may be primary measurements if they are made, respectively, by direct realizations of the SI definitions of the unit using a so-called "current balance", "voltage balance", "watt balance" or calculable capacitor. These are all devices that link mechanical to electrical quantities.
Primary measurements of frequency or time are made using a laboratory caesium frequency standard according to the definition of the second.
The candela is realized today using an absolute detector. In fact cryogenic radiometers are used almost exclusively for this purpose.
Primary measurements of the many derived quantities of the SI are made using systems that are practical realizations of the definition of the quantity. As an example we can take pressure. A primary measurement of pressure can be made using either a mercury column manometer or a piston gauge. In both of these devices a force per area is measured, in the first case by the pressure of a column of liquid mercury and in the second by loading a piston of known cross-sectional area with a given mass. In both cases the value of the acceleration due to gravity must be known. At very low pressures, for which it is not possible to use either of these methods, the question arises of whether it is possible to make a primary measurement. The answer is probably yes, if the measurement is made by establishing a low pressure by successive volume expansions starting from a pressure that can be measured by a pressure balance or mercury column. An expansion step can be considered a primary measurement. Successive volume expansions do not call on an independent pressure measurement and a complete measurement equation can be written for each expansion step together with a complete uncertainty statement. An ionization gauge, however, cannot be considered a primary pressure measuring device because an explicit measurement equation cannot be written that fully describes its behaviour.
It seems reasonable to accept that a chain of primary measurements can be constructed provided that a primary measurement is made at each step. Pressure measurement is one example; another is temperature measurement in which a temperature of, say, 2000 K can be measured by a spectral radiation thermometer in terms of a reference temperature of 1335 K which has been determined by gas thermometry. The operation of a spectral radiation thermometer is completely described by the Planck equation and a full uncertainty statement can be put in written form. The measurement at 2000 K is thus considered to be a primary measurement of thermodynamic temperature. A measurement of the same temperature made using a thermocouple calibrated at 1335 K would not be considered primary because the measurement equation of a thermocouple is empirical and does not fully describe the relation between thermoelectric emf and temperature in terms of basic quantities.
By accepting that a chain of primary measurements can exist, we accept that a primary measurement can use the result of another primary measurement as a reference, as in the example just given in thermometry or in isotope dilution with mass spectrometry. To be primary a method must not, however, call on a measurement of the quantity being measured as an integral part of its operation. To measure the quantity , there must be no -dependent constants or functions in the measurement equation, but there can be a reference value of if the value is obtained from a primary measurement chain.
Primary standards
The concept of a primary standard is closely linked to that of a primary method. A primary standard is almost always a standard whose value is determined by a primary method of measurement. In most cases a primary method is used to make a practical realization of a unit of the SI. The VIM definition of a primary standard can, therefore, be understood as defining the result obtained from a primary measurement.
The additional requirement that a primary standard must possess the highest metrological qualities means that not every standard whose value is determined by a primary method is necessarily a primary standard. An essential quality of a primary standard is intrinsic, long-term, stability. The frequency of an atomic or molecular transition clearly possesses this quality as do the freezing point of a pure element and the Josephson and quantum Hall constants. These are all stable by virtue of their direct links to atomic or quantum phenomena.
Primary standards do not necessarily have to be atomic or quantum standards. The designation of a standard as a primary standard includes, therefore, a measure of subjective judgement as to what constitutes a standard of the highest metrological quality in a particular field. A Pt-Ir prototype 1 kg mass standard made and calibrated by the BIPM can be considered such a primary standard. A brass 1 kg mass, that includes small lead makeweights to bring its mass close to 1 kg, is clearly not a primary standard, despite the possibility of comparing its mass directly with that of the international prototype. A pressure standard in the high-vacuum range, obtained by successive expansions in known volumes, can be considered a primary standard provided that sufficient is known about such things as gas sorption at the walls and molecular flow effects during the expansions.
In each field, an assessment must be made of the qualities a standard must possess for it to be considered a primary standard. It is not worthwhile attempting to make a comprehensive list of the primary standards in each field as such a list would not be static, the qualities required for such standards evolving with advances in metrology.
In the discussion above on the application of primary methods, it was pointed out that the quantity being measured is automatically given in the correct SI unit provided that all the other quantities in the measurement equation are expressed in the appropriate SI unit. The direct realization of an SI unit is not, therefore, a prerequisite for making measurements in SI units. In the measurement of amount of substance, a direct realization of the mole does not serve a useful purpose, in the same way that a direct realization of the kelvin serves no useful purpose in thermometry. In both these fields it is the correct application of a primary method that provides the basis for making measurements in the appropriate SI units.
In the metrology of chemistry, standard or certified reference materials occupy an important place. For this reason the CCQM adopted a definition of a primary reference material by analogy with that of a primary standard. An important distinction has to be made, however, between a primary reference material as defined here and a reference material whose characteristics are established by the so-called consensus method. This method is based on the average of a number of measurements made by one or more methods that are not primary. Although every effort is made to avoid using it, when a primary method is not available there is no alternative to consensus.
Conclusions
Implicit in the SI is the possibility of making precise, practical realizations of some base and derived units and using them to make accurate measurements of the corresponding quantities. For those units for which direct realization is not appropriate, the application of a primary method is the only way to ensure that measurements are correctly made in SI units. Clear definitions of the concepts of primary method and primary standard are thus useful in identifying those methods and standards that possess the qualities essential for use as the practical basis for our system of measurement. The correct use of primary methods and
